A quasi mosaic bent crystal for high-resolution diffraction of X and γ rays has been realized. A net curvature was imprinted to the crystal thanks to a series of superficial grooves to keep the curvature without external devices. The crystal highlights very high diffraction efficiency due to quasi mosaic curvature. Quasi mosaic crystals of this kind are proposed for the realization of a high-resolution focusing Laue lens for hard X-rays.
I. INTRODUCTION
Manipulation and focusing of hard X-rays in the energy range of 100-1000 keV represents an increasingly significant topic for the scientific community. The use of multilayer optics operated under the Bragg scheme proved to focus X-rays with high efficiency up to 70 keV. Beyond this energy, the efficiency of such optics critically falls off. 1 However, if X-ray diffraction occurs through the Laue scheme, the problem of focusing hard X-rays can be approached via a Laue lens, i.e., a concentrator conceived as an ensemble of several crystals oriented in such a way that as much radiation as possible is diffracted to the lens focus over a selected energy range. [2] [3] [4] For practical application of a Laue lens, crystals with high-diffraction efficiency are needed, as well as an arrangement of the crystals to permit high-resolution focusing of diffracted photons. 5, 6 Indeed, there are important applications that can take advantage of such an X-ray concentrator. As an example, astrophysics would benefit from a Laue lens because of the possibility for high-sensitivity observation of many cosmic phenomena on a satellite-borne focusing telescope. [7] [8] [9] [10] [11] [12] [13] [14] [15] A Laue lens could also be used as an imager in nuclear medicine to lower the radioactive dose imparted to a patient because of no need for tomography scanning. 16, 17 Sometimes wide-passband focusing is a desirable feature. Crystals with curved diffracting planes (CDP) 18, 19 offer an elegant solution because the Bragg condition for diffraction can be met over a selected energy range with high efficiency. 20, 21 Quasi mosaic (QM) crystals were recently proposed as CDP crystals because of their peculiarities. 22 Quasi mosaicity is an intriguing effect of anisotropy in the mechanical properties of diamond-like crystals. Thus, bending results in a primary curvature generating a secondary curvature of a different lying of planes due to QM effect (Fig. 1) . Usage of QM crystals allows positioning the samples in a Laue lens with the diffracting planes perpendicular to the major faces of the crystal. Thus, focusing can be provided as the crystals are bent to a primary curvature equal to that of the whole lens. Howa) Electronic mail: guidi@fe.infn.it ever, even for such a curved crystal, if the diffracting planes were perfectly flat, the reflectivity of the whole lens would be the same as for unbent mono-crystals, i.e., a relatively poor figure. Indeed, by using QM crystals, it is possible to combine the focusing action exerted by the primary curvature with the high reflectivity of CDP built up by quasi mosaicity.
Most importantly, further advantage of quasi mosaicity is the capability to focus the photon flux down to a spot smaller than the size of the diffracting crystal, in contrast to diffraction by a mosaic crystal, the spot of which is no smaller than its size exposed to the photons. 23 Thus, since the size of the focal spot of the diffracted photons can be controlled by the secondary curvature, QM crystals allow focusing with high resolution, increasing the sensitivity of the Laue lens.
For fabrication of a bent crystal, several techniques have been worked out. Bending can be accomplished by mechanical means, i.e., by deforming a perfect single crystal through an external device. 24 Mechanically bent crystals are currently used in synchrotrons as high-efficiency monochromators.
FIG. 1. Schematic representation of a cross section of a Laue lens based on QM crystals. Primary curvature of (112) planes leads to a secondary curvature of (111) planes owing to quasi mosaicity. In this configuration, the (111) diffracting planes are perpendicular to the main surface of the plate. It can also be seen the capability of primary curvature to focalize diffracted radiation while QM curvature establishes an increase in diffraction efficiency.
However, some applications involving a Laue lens require self-standing curved crystals, because the usage of an external device would result in excessive weight. Such curved crystals can be produced by applying a thermal gradient to a perfect single crystal, 17, 18, 25, 26 but this method is energy consuming and not adapted to a space-borne observatory as well. CDP crystals can also be obtained by concentration-gradient technique, i.e., by growing a two-component crystal with graded composition along the growth axis. 17 However, crystals bent by such a method are not easy to manufacture, thus making the technique hardly applicable to a Laue lens, for which serial production of crystals is a mandatory issue.
It was recently proven that superficial grooving 27, 28 made on a Si crystal is a method for producing bent crystals with high diffraction efficiency. 20, 21, 29 This technique is based on irreversible deformation of the crystalline plane induced by the grooves. As a result of deformation, self-standing crystals with CDP are produced. Such method is cheap, simple, and very reproducible, thus compatible with mass production.
In this paper, we propose the method of surface grooving for production of self-standing QM crystals and demonstrate its functionality.
II. SCIENTIFIC BACKGROUND
Quasi mosaicity can be fully understood in the framework of the theory of linear elasticity. A square crystal plate subject to a couple of mechanical momenta applied along x and y directions undergoes primary deformation (see Fig. 2 ). In this configuration, the curvatures of internal planes can be calculated through the displacement field as a function of space (u(r)), (v(r)), (w(r)), which are the deformations along x, y, and z directions, respectively. 30, 31 The normal (σ ) and tangential (τ ) components of stress tensor are bound up to mechanical momenta M x and M y applied to the crystal where I being the momentum of inertia. From the following boundary conditions:
we obtain the displacement field arising from the deformation of the crystal plate
where S ij are the elastic tensor coefficients, which depend on crystallographic orientation. These three values completely define the displacement field of the crystal plate. By assuming M x = M y = M, the primary curvature on the center of the plate surface, i.e., at (0, 0, 0), holds
and
while the curvatures induced by quasi mosaicity is
It follows that QM curvature occurs only if (S 41 + S 42 ) or (S 51 + S 52 ) is not zero, thus it manifests itself only along selected crystallographic directions. In particular for a diamondlike lattice, primary deformation of (112) planes results in QM deformation of (111) planes (Fig. 1) . The ratio between QM and primary curvature along the radial direction of the lens holds
For a high-efficiency diffraction by Si or Ge plates, (111) planes are normally selected because of their high reflectivity. Thus, we propose to bend (112) Si or Ge plates as a primary curvature, which results in secondary curvature of (111) diffracting planes aligned with the radial direction of the lens.
QM crystals belong to a class of CDP crystals, then the ratio between diffracted and incident beams, i.e., peak reflectivity r QM , is given by the following formula as a result of the dynamical theory of diffraction in thick crystals 
III. EXPERIMENTAL
Production and optical characterization of a silicon sample, coded as G3, has been carried out at Sensor and Semiconductor Laboratory (Ferrara, Italy). Crystallographic orientations are indicated in Fig. 2 . Commercially available pure Si wafer was diced to form a plate using a high-precision dicing saw (DISCO TM DAD3220), equipped with rotating diamond blades of 150 µm width and 5 µm diamond grain size (G1A 320). A permanent curvature was induced through the so-called grooving method, i.e., through the manufacture of a grid of superficial grooves on one of the largest surfaces of the crystal.
In fact, surface grooving produces permanent plastic deformation in the neighborhood of the grooves. 27, 28 Indeed, plasticization occurs in a thin layer of the crystal beneath and beside the grooves due to the dicing process, the extension of the plasticized layer being dependent on the grooving process. Such plasticized layer transfers coactive forces to the crystal bulk, thus producing an elastic strain field within the crystal. Since a regular grid of grooves was done on the sample surface, a net curvature has been achieved. Then, the curvature was measured using an optical profilometer (VEECO TM NT1100) with 1 µm lateral and 1 nm vertical resolution. Results are reported in Fig. 3 and main features are reported in Table I . It comes out that the sample is spherically bent. However, crystal diffraction focuses in one direction only, resulting in a narrow line as an image on the detector. 22 Sample G3 was tested through γ -ray diffraction at Institut Laue-Langevin (ILL) (Grenoble, France) at DIGRA facility, with an γ -ray beam with energy = 181.931 keV and monochromaticity E/E ≈10 −6 . The γ -ray flux was produced by neutron capture in a gadolinium target ( 157 64 Gd) inserted close to the nuclear reactor of ILL at a temperature of about 400
• C. Beam divergence after the Si (220) monochromator was 1 arcsec, as measured by recording a rocking curve (RC) of the monochromator itself. Collimated-beam size dimension was 1 mm on the diffraction plane (yz) and 3 mm on the plane (xz), z being the direction of the beam. A standard electrode coaxial Ge detector with 25% relative efficiency was used. 
IV. RESULTS
Characterization of the sample was carried out by performing RCs, i.e., by recording either the transmitted or diffracted beam intensity while the crystal was being rotated around the position where the Bragg condition was satisfied. Diffraction and transmission RCs were recorded one after the other, resulting in two complementary curves as a function of the beam incidence angle. Thus, the photon beam hit the (112) surface of the sample and was diffracted by bent (111) planes. Diffraction efficiency was recorded on the center of the sample and the experimental RC is reported in Fig. 4 .
The gray zone represents the theoretical expectation as calculated through a custom-made code specifically designed to predict the behavior of bent and mosaic crystals. The code was tested vs. experiment in Refs. 21, 22, and 33. Both primary and secondary curvatures were accounted for in the simulation. From Eq. (10), the secondary-to-primary ratio holds R QM R P 2.614 for the orientation we used. 22 In fact, the beam was diffracted by (111) bent planes, whose angular distribution consisted of the convolution between the portion of primary curvature, as seen by the beam, and the secondary curvature. The primary curvature seen by the beam was calculated taking into account the width of the collimated beam (1 mm) and the primary radius of curvature measured with the profilometer. The divergence of the beam was also included, by convolving the obtained distribution with a gaussian of σ = 1 arcsec. Finally, a morphological factor was included to consider the part of the sample that cannot diffract, i.e., the portion of material removed during the grooving process. Figure 4 shows a good agreement between theoretical expectation relying on quasi mosaicity and experimental results. The key effect of quasi mosaicity, owing to the curvature of diffracting planes, is a raise in diffraction efficiency. For comparison, we simulated the same crystal with the same primary curvature and orientation if there were no quasi mosaicity, i.e., if the diffracting crystalline planes were flat. In this case, the contribution in the convolution from the secondary curvature would be a Darwin-broadened distribution instead of a wider uniform distribution due to quasi mosaicity. Moreover, in the case of flat diffracting planes, the diffraction efficiency was set at 0.5 because of intrinsic limitation of diffraction by flat planes in thick crystals. 34 Diffraction efficiency resulted in the dashed line in Fig. 4 , which is by far lower than for the case of curved diffracting QM planes.
V. CONCLUSION
We have demonstrated that it is possible to realize quasi mosaic self-standing curved crystals to diffract hard X-rays to be used in a Laue lens. Sample fabrication relied on the grooving method, which is an easy and cheap technique. We demonstrated through experimental work that quasi mosaicity significantly raises diffraction efficiency of the crystal. The aid of simulation leads to highlight the reasons for its enhancement, which is to be ascribed to the convolution of the response due to the primary curvature with a broad distribution owing to the secondary QM curvature.
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